The electrical properties of Ni 0.27 Cu 0.10 Zn 0.63 Fe 2 O 4 (NCZF) prepared from auto combustion synthesis of ferrite powders have been studied by impedance and modulus spectroscopy. We studied frequency and temperature dependencies of impedance and electric modulus of NCZF in a wide frequency range (20 Hz-5 MHz) at different measuring temperatures SM T (30-225 ℃). The complex impedance spectra clearly showed both grain and grain boundary effects on the electrical properties. The observed impedance spectra indicated that the magnitude of grain boundary resistance gb R becomes more prominent compared to grain resistance b R at room temperature, and with the increase in SM T , gb R decreases faster than the intrinsic b R . The frequency response of the imaginary part of impedance showed relaxation behavior at every SM T , and the relaxation frequency variation with SM T appeared to be of Arrhenius nature and the activation energy has been estimated to be 0.37 eV. A complex modulus spectrum was used to understand the mechanism of the electrical transport process, which indicated that a non-Debye type of conductivity relaxation characterizes this material.
Introduction
Ferrimagnetic ceramics with spinel structure have drawn considerable attention in recent years due to their potential applications in radio frequency coils, transformer cores, rod antennas, and magnetic cores of read-write heads for high-speed digital tape or disk recording, and they are also good candidates for microwave applications [1, 2] . Furthermore, ferrimagnetic materials with high resistivity and dielectric constant as well as low dielectric loss, high magnetic transition temperature, and good magnetic, thermal, chemical, and structural stabilities are potential candidates for artificial multiferroic composites. Multiferroic materials are the research focus due to their multifunctionality that could lead to potential applications in highly sensitive sensors and actuators as well as multistate memory devices [3] [4] [5] . NiCuZn ferrites come under the umbrella of the soft ferrites and are chemically symbolized as DT 2 2+ ) and trivalent (mainly Fe 3+ ) ions respectively, and x is called the degree of inversion. The round and square brackets denote the cations located at the center of tetrahedral (A) lattice of oxygen and those at octahedral (B) lattice, respectively [6] . In NiCuZn ferrites, the presence of specific Cu content shows remarkable electrical properties [7, 8] .
Low cost, easy processing, and interesting electrical and magnetic properties make polycrystalline ferrites one of the most important materials in use today. As magnetic materials, ferrites cannot be replaced by any other magnetic material because they are relatively inexpensive and stable, and have a wide range of technological applications [9, 10] . The high electrical resistivity and consequently low eddy currents and dielectric losses make them very important materials. The electrical properties of these materials have been the subject of continuous investigation, which depend upon the preparation condition, amount of doping element, preparation technique, and measuring temperature, etc. The auto combustion synthesis is beneficial for the preparation of bulk samples due to low cost, highly reactive and easy processing steps, and low power consumption [11] .
Magnetic ceramics with semiconducting nature as a function of temperature are important not only for their magnetic properties, but also for the studies of electrical properties from both fundamental and applicational points of view. Polycrystalline ferrites are very good dielectric materials and have many technological and industrial applications ranging from radio to microwave frequencies [12] . The electrical properties of magnetic ceramics sintered in air are highly characterized by conducting grains separated by poorly conducting grain boundaries [6] . It is well known that impedance spectroscopy is an important method to study the electrical properties of ferrites, since impedance of the grains can be separated from other impedance sources, such as electrodes and grain boundaries. One of the important factors, which influences the impedance properties of ferrites, is microstructural effect. Two semicircular arcs are often obtained in Cole-Cole plot, when the grain boundary resistance is larger than that of the grain. The distribution of relaxation time, which results in deviation from ideal semicircles, is attributed to various factors, such as disorder in sample and inhomogeneity in microstructure [13] . Many physical properties of polycrystalline ferrites are very sensitive to the measuring temperature SM T . The grain (bulk) and grain boundary formed heterostructures are the two main components that determine resistivity, and depending on SM T , their electrical properties are more intriguing [13] . Thus, the information about the associated electrical parameters of the components on the heterostructures is important in understanding the overall properties of the materials [14] .
In the present work, the electrical properties of NiCuZn ceramic have been investigated by impedance and modulus spectroscopy. The impedance spectroscopy technique enables us to evaluate and separate out the contributions of various components such as grain and grain boundary to overall electrical properties. The electric modulus approach gives insight into the bulk response which can separate local behavior of defects from electrode effect. The aim of this work is to study the bulk and interface phenomena over a wide range of frequencies at selected temperatures in order to get information about the relaxation time and relaxation amplitude of various processes present in the system, when a small perturbation signal is sent to the system. It is worth noting that various physical parameters and characteristic properties that influence the performance of a ceramic material can be obtained from the analysis of complex impedance spectra. O were mixed together according to their required stoichiometry. These ingredients were first mixed using minimum amount of ethanol thoroughly by a magnetic stirrer at 70 ℃. The mixed solution was then evaporated on a constant temperature water bath. After boiling and ignition of the mixture, a spinel residue was obtained in a few minutes. These powders were crushed and grounded thoroughly. The mixture of the composition was ground to very fine powders and calcined at 700 ℃ for 5 h. Finally, the samples were pressed into disk shaped pellets and sintered at 1300 ℃ for 5 h. At the start and end of each heat treatment, the samples were allowed to warm and cool slowly to room temperature at a rate of 10 ℃/min and 5 ℃/min, respectively. The phase formation of the desired compound was verified by X-ray diffraction (XRD) measurements. Surface morphology and microstructure of the samples were studied using a high resolution scanning electron microscope (SEM) at room temperature. The pellets were polished to make the opposing surfaces as parallel as possible. Silver paste coating was applied on the opposite faces of pellets, in order to make parallel plate capacitor geometry and the ferrite material as dielectric medium. The complex impedance measurements were carried out using a computer controlled impedance analyzer (Wayne kerr, Model No. 6500B) as functions of frequency (20 Hz-5 MHz) and temperature (30-225 ℃).
Experimental

Results and discussion
1 Structural and microstructural properties
Figure 1(a) shows the XRD pattern of sintered sample of NCZF at room temperature. From the XRD pattern, it is observed well-defined peaks which correspond to spinel phase of NCZF [8] . No secondary phase peaks are observed, indicating the high quality and single phase of the synthesized sample.
Figure 1(b) shows the SEM image of NCZF sintered pellet. As can be seen from the micrograph, the grain growth process is more or less completed during the sintering process. The overall microstructure shows well defined grains with distinct grain boundaries, and the grains are also densely packed without pores or cracks. SEM micrograph reveals the polycrystalline nature of the microstructure with grains of different shapes and sizes ranging between 10 and 20 μm, which are homogenously distributed throughout the sample surface.
2 Complex impedance analysis
Complex impedance spectroscopy technique [15] has been used to analyze the electrical properties of a polycrystalline sample and its interface with electronically conducting electrodes in a wide frequency range ( T , frequency range of region I increases and that of region III decreases; both regions indicate that Z is almost independent of frequency. This behavior indicates an increase in conduction with temperature and frequency. The lower value of Z  at region III at various SM T indicates a possible release of space charge and a consequent lowering of the energy barrier properties [16] [17] [18] . At higher frequency, the space charge has less time to relax and the recombination would be faster [19] . Figure 3 illustrates the frequency response of Z at various SM T . This plot is suitable for evaluation of the relaxation frequency of the most resistive component. It is observed that one peak appears for all SM T , indicating the presence of single dielectric relaxation process at the least. The frequency spectrum of Z presents some important features: (i) the appearance of a peak (shown by the line in the plot) at a particular frequency (familiar as relaxation frequency) and gradual decrease in Z to a minimum value with a further rise in frequency and then a tendency to form a second peak; (ii) the decrease in the absolute value of Z with a clear shift of the peak toward higher frequency with the increase of SM T ; (iii) the first peak showing the typical peak broadening and the second peak showing the typical peak symmetry. The peak location gives the relaxation time according to the relation  is the pre-exponential factor; and a E is the activation energy [15, 16] . From the Arrhenius fit, the activation energy for the sample has been estimated to be 0.37 eV. Broadening of the Z peak with the rise in temperature indicates a non-unique (i.e., multiple) relaxation time scale, whose variance/ distribution is broadening at the higher frequency side after the position of the peak maximum [18, 19] . Figure 4 shows the normalized plots of Z with increasing frequency. Z plots are broader than 1.414 decades indicating the deviation from the ideal Debye behavior [20] . Since there is a systematic shift in the peak frequency with SM T (Fig. 4) , it further emphasizes the possibility of the presence of multiple equilibrium states with a distribution of relaxation time and simultaneously a decrease in relaxation time. The shapes of the Z plots obtained at different temperatures remain the same; hence the distribution of the relaxation time is independent of temperature. Relaxation time is decreased with increasing temperature as the dissipated thermal energy assists formed dipoles to follow the motion of the alternating field.
The variation of Z  versus Z at different SM T (30-225 ℃) is shown in Fig. 5 , which is characterized by the appearance of two semicircles (the first one tending to form and the second one forming fully in the measured frequency range) for all SM T . Generally, complex impedance plot typically comprises of two overlapping semicircular arcs at low temperature with center below the real axis, suggesting the departure from ideal Debye behavior [5] . The diameter of the two semicircular arcs is gradually diminished with increase in SM T . The observed two overlapping semicircular arcs are due to the contribution of the intrinsic grain (bulk) and grain boundary electrical properties of the material, and the overlapping condition depends on the difference of grain and grain boundary relaxation time constants. An equivalent circuit can be used in impedance spectroscopy analysis to establish the structure-property relationship of the material. The electrical parameters ( b R and gb R ) obtained from the fitting using the equivalent circuit models at different temperatures for NCZF have been summarized in Table 1 . The assignment of the two semicircular arcs to the electrical response due to grain interior and grain boundary is consistent with a brick-layer model for a polycrystalline sample [21] . It is observed that both b R and gb R decrease with increasing temperature [18] . At all SM T , these two depressed semicircles are observed, centered at the low and high frequency regions. The capacitances for grain and grain boundary are obtained from the maximum height of the semicircles. A relaxation frequency is observed for each contribution (Fig. 4) ; at this frequency, the condition Z Z      occurs and it is possible to calculate the corresponding value of equivalent capacitances using the relation C  give the value of grain and grain boundary capacitances respectively as summarized in Table 1 . The impedance spectra present depressed semicircles in the low frequency region due to dielectric polarization at the grain boundary/ interface, which is known as the Maxwell-Wagner effect [5] .
The diameter of both semicircles decreases with the increase of SM T . This behavior indicates a thermally activated conduction mechanism. In this type of materials (ceramic materials), these semicircles in the impedance plots are generally ascribed to grain (bulk) and grain boundary effects [22] . These two semicircles can be represented by an equivalent circuit constituted by the parallel combinations of resistance R and capacitance C, connected in series with another RC parallel connection. One branch is related with sample intrinsic characteristics, i.e., with the grain and other with the interfaces, grain boundaries, and surfaceelectrodes [14, 23, 24] .
In the impedance plots, the relative position of the semicircles depends upon the resistance and capacitance values. The resistance and capacitance of the interfacial grain boundary are usually larger than those of the grain. Thus, the semicircle at high Table 1 Values of grain and grain boundary resistance and capacitance at various T SM for NCZF frequency corresponds to the grain (bulk) effect and the second semicircle at lower frequency due to the grain boundary. It is important to remember that the impedance spectra are reproducible within the experimental error. This fact excludes the possibility that the lower frequency loop might be due to other sources such as the contacts between the electrodes and material surfaces.
3 Electric modulus analysis
Complex electric modulus ( * M ) analysis has been adopted to study the frequency and temperature dependence of the conductivity of ceramics [25] . The electric modulus approach gives insight into the bulk response which can separate local behavior of defects from electrode effect [26] . In general, electric modulus corresponds to the relaxation of the electric field in the material when the electric displacement remains constant. The effectiveness of the modulus illustration in the analysis of the relaxation properties has been demonstrated for many polycrystalline ceramics [27] [28] [29] . Figure 6 shows the frequency dependence of M  at various SM T . It is observed that the value of M  is very low (approaching zero) in the low frequency region. A continuous increase in the M  dispersion with the increase of frequency shows a tendency to saturate at a maximum asymptotic value for every SM T . The tendency of saturation supports the suggestion that the short range mobility of charge carriers is a conduction process [30] . These interpretations may possibly be related to a lack of restoring force leading the mobility of charge carriers under the action of an induced electric field. Low value of M  in the low frequency side supports the conduction phenomena due to long range mobility of charge carriers as well as that the electrode polarization makes a negligible contribution in the material [31] .
In the conduction process, the contribution of the holes is smaller than that of the electrons due to their lower mobility. Therefore, the electron exchange between the Fe 2+ and Fe 3+ ions, which results in local displacements in the direction of the applied external electric field (while the hole exchange between Ni   3+ and Ni 2+ and Cu + and Cu 2+ is in the opposite direction), causes the dielectric polarization in ferrites [32] . Nevertheless, a charge exchange between Ni 2+ and Fe 3+ can also exist [23] . However the polarization of Fe 2+  Fe 3+ is the easiest and thus their number will be reflected in the dielectric constant value. The results of Fig. 6 indicate that this number should be the same for all measurements. This is true if we assume that the maximum measurement temperature used (225 ℃) is not enough to promote the modification of the oxidation state of this ion. The shapes of the modulus spectroscopic plots obtained at different temperatures remain the same; hence the distribution of the relaxation time is independent of temperature. The frequency dependence of M  at various SM T is shown in Fig. 7 . It is noticed from the figure that M  increases with increase in frequency except appearance of a small and broad kink, which is found to be shifted towards the high frequency side with increase in SM T . The frequency region below the peak maximum determines the range in which charge carriers take place due to long range hopping. At the frequency above peak maximum (higher frequency), the carriers are confined to potential wells, being mobile over short distance. The region where the peak 
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6 2×10 6 3×10 6 4×10 6 5×10 6 occurs is indicative of the transition from long range to short range mobility with increase in frequency. This type of behavior suggests the existence of a temperature dependent hopping mechanism for electrical conduction (charge transport). The broadening of the peak shows the spread of the relaxation with a relaxation time constant distribution. Furthermore, the appearance of peaks in M  provides a clear indication of the real dielectric relaxation process [32] [33] [34] [35] [36] . Figure 8 shows the complex modulus plots ( M  versus M  ) at various SM T . It is clear observed two well resolved semicircles: the first semicircle in the low frequency region indicates the capacitive grain boundary effect (inset of Fig. 8) , and the second one represents the capacitive grain effect at higher frequency side except at SM T = 225 ℃.
The common characteristics of Fig. 8 which we observe at various SM T are summarized as follows: (i) grain boundary and grain effects at lower and higher frequencies respectively; (ii) well resolved big semicircle from grain effect at higher frequencies which decreases with the increase of SM T , while smaller semicircle from grain boundary effect at lower frequencies shows increasing trend; (iii) the magnitude of grain capacitance increases with increasing SM T , while the magnitude of grain boundary capacitance shows decreasing trend; (iv) grain capacitance is strongly temperature dependent, while the grain boundary capacitance shows weakly dependence; (v) at SM T = 225 ℃, only the grain capacitance contribution is observed; (vi) it is also observed that with the increase in SM T , intercept of the grain semicircle on M  axis shifts towards the lower values of M  which indicates the increase in capacitance. It supports the negative temperature coefficient of resistance (NTCR) type behavior of the material since b C is inversely proportional to b R . The double semicircles in Fig. 8 show the dominant grain contribution, whereas the double semicircles in Fig. 5 suggest the dominant grain boundary contribution. It is based on the fact that the impedance plot highlights the phenomenon with the largest resistance, whereas modulus plot picks out those of the smallest capacitance. Complex modulus analysis is suitable when materials have nearly similar resistance but different capacitance [37] . Figure 9 shows the Z  and M  versus frequency combined plots for NCZF at SM T = 100 ℃. Similar combined pattern shows all other SM T , but as the measuring temperature increases the difference between two peak frequencies decreases. For Debye type relaxation, the peaks obtained from the Z  and M  versus frequency plots should coincide [38] . It is observed from Fig. 9 that the Z  and M  peaks do not overlap, which indicates a non-Debye type relaxation process for the material. The Z  and M  versus frequency combined plots are used to identify whether the relaxation process in the material is the result of long range or short range movement of charge carriers [39] .
Conclusions
This work reports the results of our investigation on impedance spectra and electrical modulus properties of the magnetic ceramic compound Ni 0.27 Cu 0.10 Zn 0.63 Fe 2 O 4 . Single arc with double semicircles (or its tendency) obtained at a particular temperature corresponding to NCZF composition in both the complex impedance and electric modulus plots suggests the single phase character of the material. We observe two separate conduction processes in impedance and modulus spectra attributed to grain and grain boundary effects. The complex impedance plots reveal two semicircles described by the intrinsic grain (bulk) and grain boundary (interface) effects. The values of b R and gb R decrease with increase in temperature and the rate of gb R decreasing is faster than that of b R which shows NTCR behavior. The modulus plot shows two well resolved semicircles-smaller one for grain boundary capacitance is weakly dependent on temperature, while large semicircle for grain capacitance is strongly dependent on temperature. The interfacial polarization is a consequence of inhomogeneities in the material, which is dominated by grain boundaries.
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